In this study, cordierite was produced using MgO, SiO 2 and Al 2 O 3 as raw materials through glass route method. The raw materials were mixed for 6 h and the mixture was melted at 1550 °C and then water quenched. The glass produced was milled for 5 h to obtain fine powder, which was used to prepare porous cordierite through gel casting method. The effect of addition of different natural binders, glutinous rice flour (GRF) and dried egg white (DEW), on porous cordierite was investigated. GRF and DEW were added to the slurry during mixing. The synthesized cordierite powder was analyzed by X-ray diffraction. Porous cordierite was characterized through Archimedes method, morphological analysis, and compression test. The porosity level varied from 60.6% to 78.7% depending on the amount of natural binder added. Compression test results showed that the compressive strength of porous cordierite increased with increasing amount of natural binder added. Keywords: porous cordierite, natural binder, gel casting. 
INTRODUCTION
Cordierite is a useful crystalline phase in the MgOAl 2 O 3 -SiO 2 ternary system [1] . It has gained considerable interest for a wide range of application because of its excellent properties, such as low thermal coefficient, good thermal shock resistance, and ability to retain high mechanical strength at high temperatures [2] . Cordierite is also fabricated into a porous structure due to demand in various application. Porous cordierite possesses a unique structure characterized by low density and low thermal conductivity and high porosity, low thermal coefficient and high permeability [3] . Porous cordierite is applied in automotive industry, electronic industry, high temperature air filter, and kiln furniture [2] .
The performance of porous ceramics is strongly influenced by pore size, pore distribution, interconnection of pore and stiffness of the wall or strut. These requirements are strictly dependent on the production processing route [4] . Porous ceramics can be fabricated by few techniques, such as sponge replication [5] , sol-gel routes [1] , starch consolidation [6] , and gel casting [7] . Fukushima et al. [8] used freeze casting to fabricate porous cordierite with low compressive strength. Jamaluddin et al. [9] discovered that reticulated porous ceramics with cracks exhibited low strength when produced through sponge replication. Therefore, in order to solve the strength issues in fabrication of porous cordierite gel casting method was proposed. This method produces porous ceramics with excellent properties, such as high mechanical strength, minimal defect, and complex shapes [10] . In gel casting, slurry with rigid polymeric network that bond the ceramic particles is casted [11] . Generally, cordierite slurry is added with binders to improve the strength of porous cordierite. Binders are *hasmaliza@.usm.my, ccj7060@gmail.com classified as natural polymeric and synthetic polymeric binders; these materials typically consist of long chains of polymer networks that provide strength via the bond between particles [4] . The networks also provide plasticity and contribute to the formation of green body [12] . Compared with synthetic binders, natural binders offer several advantages, such as nontoxicity and low cost of materials [13] . Natural binders include starches, agar, protein, and natural fibers, which are commonly utilized in the production of porous structure. Starch is the most commonly used because it easily gelatinizes due to its low gelatinization temperature, high viscosity, low-gel syneresis, and flexibility [4] . Glutinous rice flour (GRF) is a natural and nontoxic starch that contains high amounts of polysaccharide. This polysaccharide causes particles to stick together as a result of gradual decrease in the amount of water available for flowing. Consequently, the system consolidates into a solid body. GRF consists of two gels, which gelatinizes in aqueous solution at a certain temperature; upon incorporation of a necessary amount of GRF, the slurry gelatinizes in the aqueous phase when heated up and transform into a rigid body. Thus, green bodies solidified with GRF are predicted to exhibit improved mechanical properties [14] . In comparison to starch, egg white is used as binder. Alleoni [15] reported that egg white contains albumin and is an abundant protein source. Egg white, also known as albumen, mainly contains ovalbumin [16] . Egg white also contains glucose and exhibits enhanced gel properties, such as gel strength [17] . The use of ovalbumin in shape forming of ceramics is made possible through gel casting. This paper proposes the use of gel casting of cordierite powder incorporated with GRF and DEW (dried egg white) binders in order to improve the strength of porous ceramics. The effect of GRF and DEW on the fabrication of porous cordierite through gel casting is widely explored.
EXPERIMENTAL
Synthesis of cordierite powder: alumina (Al 2 O 3 ), magnesia (MgO), and silica (SiO 2 ) (Ipoh Ceramic Sdn. Bhd.) powders were used to produce cordierite powder through glass melting method at 1550 °C. Molten glass was water quenched, crushed, and milled for 5 h at 400 rpm. The powder produced was sintered at 980 °C for 2 h.
Fabrication of cordierite powder with 3D structure: cordierite powder (67.1 g), distilled water (28.8 g), and polyethyeneimine (4.1 g) (Sigma-Aldrich) as dispersant were mixed with various amounts of GRF -glutinous rice flour (2.5, 4.0 and 6.0 g) (Erawan Brand) and DEW -dried egg white (1.5, 2.5 and 4.0 g) at 600 rpm for 2 h. The hen egg white was separated with egg yolk and was artificially dried at 60 °C for 5 h. Then, it was milled using planetary high mill for1 h at 400 rpm. The milled DEW powder was sieved. The mixture was added with sodium dodecyl sulphate (Sigma-Aldrich) as foaming agent, and the cordierite slurry was vigorously whisked at 1000 rpm for foaming process. The slurry was then whisked at 600 rpm and added with 1.4 wt% gelation agent, Denacol-EX-614B (Nagase Chemical, Japan) immediately after foaming. The bubbled cordierite slurry was molded and sealed for 1 h at room temperature. The rectangular shape with 20 x 80 mm Teflon mold was used to pour the slurry. The wet green bodies were demoulded and immediately placed into a drying oven at 80 °C for 24 h. The dried bodies were sintered at 1350 °C for 2 h by using two different stages: 100 °C/h heating rate from room temperature up to 600 °C, followed by 200 °C/h heating rate up to 1350 °C. The samples were slowly cooled to room temperature.
Characterization: the properties of the synthesized cordierite powder were characterized using X-ray diffraction (XRD) analysis. The density and porosity of porous cordierite were characterized using Archimedes method. The mechanical properties of porous cordierite were determined by conducting compression test with a universal testing machine (Instron) at a crosshead of 1 mm/min. Morphological study was performed using tabletop scanning electron microscope (SEM). Fig. 1 shows the glass produced after quenching at a melting temperature of 1550 °C. The glass was placed on the white paper under the fluorescent light to observe the physical appearance. The glass produced appeared transparent due to the insignificant amount of coloring minerals in the glass composition and the rapid cooling of the molten state, which was sufficiently fast to avoid crystallization. This phenomenon is due to the random stacking of the molecules in the glass, leading to the formation of such gap, which is filled with air and used as scattering point for light penetration [18] . After the glass was milled for 5 h, the powder particle size was analysed. Fig. 2 shows the distribution of particle size of glass powder after milling. Based on the result obtained from particle analyser, Malvern, the average particle size of glass powder, d 50 , was 7.39 µm. XRD analysis was conducted to confirm that the glass was produced after quenching. Fig. 3a shows the XRD pattern of the glass powder. A large amorphous hump and no crystalline peaks were detected in the diffraction pattern of the sample melted at 1550 °C. The absence of peaks in the XRD pattern indicated that the compound was completely transformed into amorphous or glassy phase. Atoms in the glass were randomly moved during melting [19] , producing an amorphous hump in the XRD pattern. The amorphous phase of the glass was proven by the transparent appearance shown in Fig. 1. Fig. 3b shows the XRD pattern of sample sintered at 980 °C for 2 h. Cordierite was found to be the major crystalline phase formed after sintering. The selected temperature is similar to that reported in [20] ; in this study, cordierite powder samples were produced using the same composition of raw materials.
RESULTS AND DISCUSSION

Characterization of cordierite powder
Characterization of porous cordierite
Effect of GRF (glutinous rice flour): Fig. 4 shows the SEM results corresponding to the cross-section of porous cordierite fabricated with different binder contents. Fig. 4a shows that porous cordierite possessed uniformly distributed pore, interconnected structure and pore size of 54-122 µm. The homogeneity of pore distribution is attributed to the stability of foam in the green stage, whereas the near net shape structure is due to the nature of the foaming process in gel casting. Similarly, Tulliani and Lombardi [21] produced porous ceramics through gel casting. Figs. 4b, 4c and 4d show that porous cordierite produced with GRF contained more pores compared with the sample without GRF. In addition, samples with GRF exhibited uniform pore distribution and interconnected structure regardless of the amount of GRF added. The pore size increased with increasing amount of GRF added, and cracks were observed on some struts. The GRF acted as pore former because it is burnt out and leaves a cavity in the porous structure [4] . Fig. 5 shows the correlation of porosity and compressive strength with the amount of GRF binder used in porous cordierite. The porosity of porous cordierite increased with increasing amount of binder added. The porosity of porous cordierite without any binder was 60.6%, which increased up to 78.7% when added with 6.0 g of GRF. This phenomenon was attributed to the burn out of GRF, leaving a cavity after sintering. Jamaluddin et al. [4] reported that starch functions as pore forming agent in porous ceramics, thereby creating pores after burn out and forming loosely packed cordierite particles. Consistently, Wan et al. [11] stated that the burn out of starch leaves cavities, which eventually form pores. Thus, the number of cavity increased with increasing amount of starch. Fig. 3 shows that the pore size of porous cordierite added with GRF increased, leading to enhanced porosity. The compressive strength of porous cordierite increased from 5.43 to 9.13 MPa upon addition of 0 to 4 g of GRF (Fig. 5) . The compressive strength decreased to 8.45 MPa when 6 g of GRF was added. The increase in strength with the addition of GRF could be due to the long chain of polysaccharides comprising glucose monomer linkages possessing gelling properties. The long chain of polymer networks in GRF primarily provides strength by building bridges among the particles [12] . When the amount of GRF added was increased up to 6.0 g, the strength of porous cordierite decreased because of extremely high porosity (78.7%). Wan et al. [14] indicated that GRF also acts as pore-forming agent in porous ceramics. With increasing amount of GRF, the porosity of porous cordierite increases and the strength of porous ceramics decreases. Nevertheless, in the present case, the strength increased as the porosity increased when 4 g of GRF was added. This finding could be attributed to the bonding bridges among particles developed by the strong long chain of polymer network that can support the increase in porosity [12] . When the amount of GRF added reached 6 g, the strength of porous cordierite decreased because the long-chain polymer network cannot support the extreme porosity effect. Fig. 6 shows the effect of DEW on the microstructure of porous cordierite. Figs. 6b, 6c and 6d show the uneven distribution of pores in all samples. The mean pore sizes were 43-190, 52-155 and 77-177 µm for samples added with 1.5, 2.5 and 4 g of DEW, respectively. The pore size increased with increasing amount of DEW. DEW was added as binder and pore former, leading to burn out during sintering and leaving cavity in the porous structure [14] . In addition, cracks were formed on some struts upon addition of DEW. The cracks became worse when the amount of DEW added was increased up to 4 g. The presence of cracks contributed to the rough surface of the wall; by contrast, the sample without DEW exhibited a smooth surface. This phenomenon could be attributed to the gelling behavior of DEW, which tends to agglomerate in the slurry, producing the rough surface of the formed porous cordierite [16] . However, the microstructure of samples added with 6 g of DEW was not observed because the structure collapsed. Fig. 7 shows the correlation of porosity and compressive strength with the amount of DEW added to porous cordierite. The porosity increased from 60.6% to 68.3% when 4 g of DEW was added. The porosity increased with increasing amount of DEW added because it acted as binder and pore-forming agent, which was burnt out during sintering. The binder may enable particle-to-particle contact and may form loosely packed cordierite particles, resulting in increased porosity. With increasing amount of DEW added, the packing of cordierite particles became looser, thereby increasing the porosity [22] . Fig. 6 also shows that the porous cordierite added with DEW possessed large pore size and consisted of hollow structure; these properties contributed to the increase in porosity. The compressive strength of porous cordierite increased from 5.43 to 5.72 MPa when 2.5 g of DEW was added (Fig. 7) . However, the compressive strength significantly decreased to 4.20 MPa upon the addition of 4 g of DEW.
Effect of DEW (dried egg white):
The increase in compressive strength could be due to the albumen content of DEW; albumen contains long chains and contributes to strength improvement. This finding is in agreement with previous research on DEW used as binder.
The study indicated that DEW, also known as albumen, mainly contains ovalbumin consisting of long chain monomers and cross-linkers. The long-chain polymer networks in DEW provide strength by building bridges among the particles of cordierite [12] . The compressive strength of porous cordierite significantly decreased when 4.0 g of DEW was added because of excess porosity (68.3%) produced. As the fact, the strength is inversely proportional with porosity, but in this case the strength increased despite the porosity increase. This is due the strength provide by long chain of DEW. When the 4.0 g of DEW was added, the porous cordierite had excess porosity which provided loss of strength over the strength by long chain of DEW. Alleoni [15] reported that DEW also acted as pore-forming agent in porous ceramics; with increasing amount of DEW, the porosity increases and the strength of the porous ceramics increase. In addition, DEW acted as a pore-forming agent, which was burnt out during sintering. DEW enabled particle-to-particle contact and formed loosely packed cordierite particles, leading to increased porosity. Moreover, the increasing amount of DEW contributed to the loose arrangement of the cordierite particles, resulting in enhanced porosity [23] . The presence of cracks, observed in the SEM image, led to decrease in the compressive strength.
CONCLUSIONS
Cordierite powder was successfully synthesized from oxide-based raw materials (SiO 2 , MgO and Al 2 O 3 ) through glass route method. Porous cordierite was also successfully fabricated using different natural binders (GRF -glutinous rice flour, and DEW -dried egg white) through gel casting. The addition of different amounts of GRF (2.5, 4.0 and 6.0 g) and DEW (1.5, 2.5 and 4.0 g) were found to affect the properties of porous cordierite. The porosity of porous cordierite ranged from 60.6% (without binders) to 78.7% (6 g of GRF). The porosity increased with increasing amount of binders. Furthermore, the compression strength of porous cordierite ranged from 5.43 MPa (without binder) to 9.13 MPa (4 g of GRF). The compressive strength increased upon addition of 4 g of GRF and 2.5 g of DEW but decreased upon addition of 6 g of GRF and 4 g of DEW. The pore structure of the sample added with GRF retained its structural integrity, whereas that of the sample added with DEW possessed large pore size and collapsed structure with numerous cracks. Hence, GRF exhibited better performance as binder in porous cordierite than DEW.
